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Abstract. Although nanowires (NWs) may improve the performance of many optoelectronic 
devices such as light emitters and photodetectors, the massive commercialization of these devices 
is limited by the difficult task of finding reliable and reproducible methods to integrate the NWs 
on foreign substrates. This work shows the fabrication of zinc oxide (ZnO) NWs photodetectors 
on conventional glass using transparent conductive electrodes to effectively integrate the NWs at 
specific locations by dielectrophoresis (DEP). The paper describes the careful preparation of NW 
dispersions by sedimentation and the dielectrophoretic alignment of NWs in a home-made 
system. This system includes an impedance technique for the assessment of the alignment quality 
in real time. Following this procedure, ultraviolet photodetectors based on the electrical contacts 
formed by the DEP process on the transparent electrodes are fabricated. This cost-effective mean 
of contacting NWs enables front- and back-illumination operation modes, the latter eliminating 
shadowing effects caused by the deposition of metals. The electro-optical characterization of the 
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devices shows uniform responsivities in the order of 106 A/W below 390 nm under both modes, 
as well as, time responses of a few seconds.  
 
Keywords: transparent conducting oxides, dielectrophoresis, sedimentation, ZnO nanowires, UV 
photodetectors.  
 
1. Introduction 
Nanowires (NWs) are promising candidates to form part of near-future electronic and 
optoelectronic devices due to suitable properties such as their high crystal quality and their tunable 
optical absorption, which are expected to foster the improvement of sensitivity of actual thin film 
based technology through the enhancement of the surface-to-volume ratio [1-2]. These one-
dimensional structures can be developed in many material technologies such as carbon-based 
materials, metal oxides, IV-group semiconductors, III-V semiconductor compounds and noble 
metals [3-4]. In metal oxide materials, zinc oxide  (ZnO) NWs are fascinating structures due to 
their remarkable optical, electrical and piezoelectric properties [5]. The abundance of Zn in the 
nature compared to other metals and the simplicity of the methods commonly used to grow ZnO 
based NWs, allow their cost-effective implementation in many applications such as ultraviolet 
(UV) and white lightning [6], gas and biological sensing [7-10], energy piezogeneration [11], 
photovoltaics [12] and UV photodetection [13-16]. 
In UV light sensing, ZnO NWs (energy bandgap, Eg=3.3 eV) show some of the highest 
photoconductive gain values among all the wide bandgap nanostructured semiconductor 
compounds with high UV absorbance. The mechanism is based on the photogeneration of 
electron-hole pairs when the radiation is absorbed in the ZnO NW and the recombination of photo-
generated holes through the occupied surface states. This recombination provokes the desorption 
of O2 molecules from the NW surface releasing surface trapped electrons to the NW volume, 
3 
 
increasing the amount of free carriers, and hence, the conductivity. In addition, the surface 
recombination of holes increases the relaxation time of photo-generated electrons, which also 
contributes to enhance the photoconductive gain. Different methods have been proposed in order 
to improve the slow response speed of ZnO NW devices, including the fabrication of rectifying 
Schottky barrier contacts [17], p-n heterojunctions or metal oxide semiconductor barriers [18]. 
One important issue which reduces the large scale commercialization of highly integrated 
NW-based devices is the fast and reliable manipulation of those nanostructures on small areas. 
Different approaches are under investigation, such as dielectrophoresis (DEP) [19-21], 
magnetophoresis [22], Langmuir-Blodgett [23], bubble blowing [24], contact printing [25-26], 
and nanoscale combing [27]. DEP has been successfully proved to be a cost-effective method to 
trap and also to align nanoparticles [28], NWs [21, 29-30] and carbon-based nanostructures [31-
33] between electrodes, as well as, to separate different particles [34] and cells [35-36] in 
microfluidic systems. Briefly, this technique relies on alternating current (AC) electric fields to 
align those nanostructures at specific sites through the polarizability of dielectric structures [37]. 
Most of earlier reports on DEP integration of NWs rely on drop-casting methods on coplanar 
electrodes. However, drop-casting DEP limits the reproducibility of the technique and produces 
final surfaces contaminated with unaligned NWs that sediment by gravity action before reaching 
the assembling site. Continuous flow system in microfluidic cells reduce significantly surface 
contamination, enabling the use of monitoring techniques, the implementation of specific bias 
recipes to control accurately the trapping kinetics, and the possibility of mixing materials in the 
same solution which can be independently trapped in several locations across the wafer changing 
the signal parameters (heterogeneous DEP). All these advantages make the use of continuous flow 
systems attractive for automating production processes in industrial environments. 
On the other hand, a method to monitor NW assembly in real-time during the DEP process 
is desirable to improve the control over the number of aligned NWs as a function of time. This 
can provide information about the evolution of the process whose efficiency to trap NWs can 
change over time due to the modification of the inter-electrode potential. Furthermore, although 
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several studies have been performed to evaluate the effects of AC voltage and frequency on the 
DEP alignment, it is a challenge to control the trapping rate only through those parameters 
because of local variations of the NW concentration over the alignment sites. In addition, large 
voltages can induce solvent electrolysis whose effects are bubble formation and electrode 
degradation [38-39]. Real-time monitoring can help to detect those anomalies as soon as they 
happen, allowing fast correction of the alignment parameters. The few works that address this 
point in the literature focus on the use of impedance monitoring. In highly conductive carbon 
nanotubes, it is found that the variations of the impedance are dominated by changes in the parallel 
resistance [40].  
In this work, we provide insight on those matters by integrating ZnO NWs on transparent 
substrates by DEP for the fabrication of UV photodetectors. ZnO NWs are transferred to a liquid 
medium by sonicating the as-grown sample. To enhance the NW concentration and get rid of 
possible impurities, a sedimentation step is followed prior to the DEP process. A calibration curve 
is performed to estimate the NW concentration in further experiments by using transmittance 
monitoring. NWs are in-parallel integrated in linear arrays of assembling sites defined on glass 
substrates from a home-made DEP system. The DEP electrodes are made of a transparent 
conducting oxide giving rise to chips with fully transparent characteristics. We also investigate 
the continuous monitoring of NW assembly through the changes in parallel resistance. The 
uniformity, speed, and spectral responsivity are measured in the fabricated sensors. Transparency 
of substrate and electrodes allows the device operation under front- and back-illumination, a 
useful property for flip-chip bonding integration. 
 
 
2. Experimental details 
2.1. Chemicals 
 
The dispersions are prepared with ultrapure deionized H2O (18 MΩcm) obtained from an 
Ultramatic Wasserlab purification system or with ethanol (EtOH) obtained from Panreac (Spain). 
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2.2. ZnO NW solution preparation 
 
ZnO NWs are grown by vapor phase transport at high temperatures (T > 750ºC) in a 
Tempress furnace on Si(100) and sapphire c-plane (0001) substrates, as thoroughly described 
elsewhere [41-42]. To integrate the NWs in the proposed sensors, the nanostructures are separated 
from the substrate by sonication and dispersed in a liquid medium. After drying out, the NW 
powder is weighed and immersed in EtOH or H2O and further sonicated for times between 30 and 
180 s. Resultant concentrations out of this process range from 80 to 380 mg/L. A purification step 
is followed in order to get rid of large ZnO clusters which may impact negatively on the DEP 
process by short-circuiting the electrodes. This step is carried out by leaving the dispersion 
motionless during 1 h. During that time, larger particles sediment faster whereas smaller NWs 
remain more homogeneously distributed in the medium. Eventually, the purified supernatant is 
transferred to another container and heated up in order to increase the concentration by solvent 
evaporation.  
 
2.3. Dispersion characterization by spectrophotometry  
 
Optical properties of NW dispersions are studied by using a double beam UV/Cary 100 
spectrophotometer. All measurements are performed using 1 cm path length quartz cuvettes. 
Every absorbance (Abs) spectrum is referenced to a blank sample containing pure solvent. 
Spectra are recorded in the 360-420 nm wavelength range at 1 nm step. Optical extinction in 
that spectral range is governed by scattering and also includes part of the absorption range of the 
NWs above the ZnO bandgap. To study sedimentation processes, kinetic measurements are 
performed at a constant wavelength of 400 nm for a time span of 1 h. At that wavelength, Abs 
variations can be mainly attributed to NW scattering. By measuring Abs in dispersions with 
different NW concentrations and counting the number of NWs, a calibration curve is obtained to 
determine NW concentrations in unknown samples. In this curve, concentration errors (horizontal 
bars) are estimated as the standard deviation in the counting process of the number of NWs in 1 
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µL taken from the middle of the cuvette for the different dispersions, and drop-casted on a Si 
substrate. Absorbance error (vertical bars) are estimated from 3 measurements for each sample. 
As the NW concentration in the flow circuit of the DEP system is found to change slightly 
along the circuit as a result of trapping, the concentration uniformity along the circuit is evaluated 
by optical means extracting aliquots from the inlet and outlet ports and comparing their Abs with 
that of the original dispersion. 
 
2.4. Electrode fabrication and alignment by dielectrophoresis 
 
For dielectrophoretic alignment of the NWs, transparent chips are prepared on glass 
substrates with pre-patterned transparent conductive electrodes defined by optical lithography and 
chemical etching. Prior to electrode deposition, substrate is cleaned to remove organic left-overs 
by immersing the samples in hot trichloroethylene, acetone and EtOH. Then, 300 nm thick thin 
films of Al-doped ZnO (AZO) (1.1×10-2 Ωcm Hall resistivity) are deposited by radio-frequency 
(rf) magnetron sputtering on those transparent substrates at 300 ºC by using a 99.999% ZnO w/2% 
Al2O3 target. The final chip comprises two multi-fingered electrodes with alignment sites defined 
by gaps of variable widths between 4 and 8 µm. 
To integrate nanostructures, the receiver substrates are assembled into a home-made DEP 
system. This includes a polytetrafluoroethylene cell and an O-ring where the substrate is attached. 
The inner diameter of the O-ring is about 5 mm containing 20 active alignment sites of the receiver 
substrate. Total volume of the microfluidic cell is 20 µL. NW dispersions are loaded into the 
syringe cartridge and pumped into the system by a peristaltic pump at a speed of 6 mL/min. The 
cartridge concentration during the fluid injection is monitored by measuring the transmittance of 
the dispersion through an optical coupler containing a 650 nm red laser and an off-axis silicon n-
p-n phototransistor (Ref. BPW77N, Vashay). The output analog signal from the detector is 
recorded by using a microcontroller. 
Prior to reach the DEP cell, nanostructures pass through a filter with 200 µm pore size to 
remove large size contaminants. For the present study, sinusoidal waveforms with effective 
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voltages ( rmsV ) between 4 and 10 V, and frequencies of 10 and 100 kHz, are applied between 
electrodes. 
In order to monitor NW trapping through impedance measurements, an inductance-
capacitance-resistance (LCR) meter is connected to the pair of electrodes on the transparent 
substrate by using conductive silver paint. The variation of parallel resistance is measured during 
the alignment and compared with those values taken in pure EtOH. By counting the aligned 
number of NWs by optical microscopy at the end of the process, a correlation is established 
between the number of NWs and the relative parallel resistance variation. 
 
2.5. Sensor photoresponse 
 
The electro-optical characteristics of the fabricated sensors are studied in dark and under 
UV/visible illumination. The sensor is connected in series with a 1.5 M load resistance. This 
resistance is chosen to be close to that exhibited by the sensor under illumination. Voltage drop 
in the load resistance is recorded in real time using serial communication and stored in a 
microcontroller. The measured signal is transformed into photocurrent (Iphoto) by subtracting the 
baseline to the output voltage and dividing by the load resistance. 
In all the electro-optic experiments, the sensor is illuminated through an optical fiber using 
different light sources. For assessment of the response speed, the device is exposed to light pulses 
of a deuterium lamp (Ref. DH-2000 Deuterium Tungsten-Halogen Light Source, OceanOptics 
(USA)). To study the uniformity of the response across the active area, Iphoto is also measured by 
scanning the assembly area using a precision micropositioner. 
Spectral responsivities measurements are also carried out at different DC bias between 3 and 
11 V using a Xenon lamp as the light source coupled to a 1/8 m monochromator. To exploit the 
transparent characteristics of the chips, back-illumination is also studied and compared with the 
regular front-characterization. All measurements are performed on a non-reflective surface to 
minimize specular reflection. 
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3. Results and discussion 
3.1. Preparation of the NW dispersions 
 
In order to improve the quality of the dispersion, a sedimentation process is introduced after 
the sonication process. The sedimentation rate of particles depends on the balance of different 
forces [43-44]. The net force on each particle comprises gravitational force ( gF ), which is 
directed downwards; and buoyancy ( bF ) and drag ( dF ) forces, which are oriented upwards. They 
are defined as: 
gVF mb                                               (1) 
gmFg                                                    (2) 
ttd vvfF  60                                (3) 
where m, V, g, m , ZnO , tv , µ and r represent the particle mass, particle volume, gravity 
constant, medium and particle densities, terminal velocity, medium viscosity, and the sphere 
radium, respectively. The constant 0f  is known as the frictional coefficient. According to the 
Stokes’s law, these equations (1-3) allow estimating tv , which represents the speed of a falling 
sphere when the net force is zero. Thus, this parameter can be obtained from the following 
equation: 
 
0f
gV
v
mZnOsp
t
 
                 (4) 
spV  being the volume of the sphere. According to hydrodynamics, 0f  is dependent on the particle 
morphology. For the long-rod case, dF is redefined as td vfF  where  f  becomes: 
 
  0
3
2
3
1
2ln
3
2
f
A
A
f 

    (5) 
9 
 
and A represents the aspect ratio between the length of the NW and its diameter. It is important 
to notice that 0f  is the frictional coefficient for a sphere of an equal volume. Taking into account 
the other two forces, bF and gF , tv for NWs can be redefined as: 
 
f
gV
v mZnONWt
 
                  (6) 
NWV  
being the volume of the NW. For equal NW and sphere volumes, differences in tv for 
spheres and NWs are determined by the ratio between frictional coefficients  0ff . This ratio 
is always larger than 1 and accounts for the faster sedimentation of spheres [43]. The physical 
origin of this is related to the lower friction of the flowing spheres in the liquid solution. 
To apply this model to the prepared dispersions, an estimation of the average size of the ZnO 
NWs is made using scanning electron microscopy images of drop-casted NWs on a Si substrate. 
The dispersion under study shows average length and diameter of 14±5 µm and 190±30 nm, 
respectively. Thus, the average aspect ratio of those NWs is approximately 75 which yields an
0ff ratio equals to 3.3. This means that spheres with equal volume (sphere diameter = 900 nm) 
are expected to fall down at 3.3 times faster than NWs. For larger spheres, the velocity is even 
larger. As an example, spherical particles with a diameter of 2 µm will sediment 16 times faster 
than the NW. In Figure 1(a), we plot Vt for spherical particles (solid lines) of different diameters 
in H2O and EtOH and compare with that of the average NW (dashed lines). From those graphs, it 
is concluded that spherical particles with diameters larger than 500 nm are expected to suffer a 
faster sedimentation process than the NWs. In the present work, this fact has been used to 
eliminate undesired particles coming out of the substrate during the sonication process 
(purification). In an ideal dispersion in which all the particles were spherical, 500 nm would be 
the critical diameter that one may expect to filter out. It is important to notice that the alternative 
use of membrane filters with similar porous sizes would yield very low NW concentrations in the 
purified dispersions caused by the accumulation of NWs in the sidewalls of the pores which may 
end up clogging them. Therefore, although real dispersions usually contain impurities with 
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random morphologies, this filtration process is seen as an effective method to remove particles 
up to a submicron level while keeping large NW concentrations available for DEP processes.  
Despite the different physical properties of EtOH and H2O, i.e. viscosity and density, Figure 
1(a) shows that both solvents give rise to similar terminal velocities. However, in practice, NWs 
can show very different velocities in both solvents due to the surface interactions among them. 
For the sake of comparison, ZnO NW dispersions are prepared in EtOH and H2O solvents as 
described in the Experimental Procedure. To compare the sedimentation rates, an aliquot of each 
dispersion is introduced in quartz cuvettes, monitoring changes in the Abs for 1 h in a UV/visible 
spectrophotometer at a constant wavelength of 400 nm. Figure 1(b) represents different kinetic 
curves after baseline subtraction (EtOH or H2O) for dispersions with different concentrations 
ranging from 80 to 380 mg/L. As expected, the measured Abs increases with concentration due 
to the increasing number of scattering centers. Interestingly, the initial values show larger Abs in 
EtOH than in H2O, even at the first data points. It is hypothesized that this happens as a result of 
the stronger interaction between NWs in H2O which tend to form larger aggregates and sediment 
faster than in EtOH. In both solvents, the time-dependent absorbance curves can be optimally 
fitted with bi-exponential functions indicating the presence of structures inside the dispersion with 
different characteristic sizes. The shorter time constant ranges from 210 to 420 s and is related to 
the sedimentation of the largest particles, either particles coming from the nucleation layer in the 
substrate or NW aggregates formed during the dispersion preparation. The longer time constant 
of the fitting is attributed to the sedimentation of dispersed single NWs and ranges from 1300 to 
4000 s. In EtOH, the constants do not present a characteristic trend as a function of NW 
concentration. In contrast, in H2O, the constants reduce notoriously with the increasing 
concentration, which also corroborates the strong interaction of NWs in aqueous media. 
From the analysis of the absorbance at the end of the 1 h process, it is found that the 
concentration of NWs in EtOH is higher than in H2O. As the concentration increases the trapping 
probability in the DEP process, the NW integration is only performed on dispersions prepared 
from EtOH solvent. Besides, the final NW concentrations are quite stable over the time needed 
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to perform the DEP alignment, 1 min, ensuring the homogeneity of the NW distribution in the 
solvent during the whole DEP process. 
The spectral characteristic of the optical transmittances (T%) is analyzed using a UV/visible 
spectrophotometer. A fast scan (300 nm/min) from 420 to 360 nm is performed in a NW/EtOH 
dispersion with a ZnO concentration of 380 mg/L. As shown in Figure 1(c), T% presents a fairly 
constant value around 27% above the bandgap wavelength of ZnO ( =380 nm), as a result of the 
optical losses caused by scattering phenomena. Below that wavelength, ZnO absorption 
contributes to reduce the T% down to 25.5%, a loss that is significantly smaller than those caused 
by scattering. Thus, both UV and visible light extinctions seem to be dominated by the scattering 
phenomena, a point that it is also confirmed by analyzing dispersions with different 
concentrations. 
After the sedimentation step described above, the supernatant is transferred to another 
container and heated up near the EtOH boiling point in order to evaporate part of the solvent and 
increase the concentration. A highly concentrated dispersion with a final Abs of 0.29 is obtained 
at a wavelength of 400 nm. The number of NWs within a 1 µL volume is estimated from 
microscopic images to calculate the NW concentration, yielding a value of 790 NWs/L. 
Successive dilutions of this concentrated dispersion are performed and characterized over 1 h 
(Figure 1(d)). Those absorbance curves are smoother than in the as-sonicated case and do not 
present the fast sedimentation component thanks to the effective removal of the largest particles. 
Figure 1(e) shows microscopy images of 1 µL aliquots taken from the middle of the cuvette and 
drop-casted on a Si substrate. An estimation of the number of NWs in the 1 µL volume is 
represented as a function of absorbance (Figure 1(f)). This counting process is repeated three 
times for each sample in order to reduce the statistical error in the number of NWs. The calibration 
curve obtained from those experimental data follows a linear relationship between Abs and 
concentration with a coefficient of determination (R2) of 0.9985. This behavior follows the 
Lambert-Beer’s law which predicts that Abs is equal to lc  where  , c and l are the extinction 
cross-section, the NW concentration, and the optical path length (1 cm), respectively [45]. From 
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the slope of the linear fitting, a   value of 3.26×10-4 µLNW-1cm-1 is obtained. Taking into 
account the average size of the NWs showed above, this σ corresponds to an absorptivity value 
of 12300 Lmol-1cm-1. It is important to notice that, although NW absorptivity accounts for all 
optical losses [46], it is dominated by scattering, as explained before. 
For the sake of clarity, a summary of the steps followed to prepare the NW dispersion is 
shown in Figure 2. Experimental conditions are also included for each step. It should be noted 
that those conditions may change when different sizes or different nanostructures are used. 
 
Figure 1. (a) Terminal velocities for a sphere and a long-rod ( ZnO =5610 kg/m
3), with the same volume, 
in EtOH ( = 790 kg/m3 and  =10.7×10-4 Pas) and in H2O ( =990kg/m3 and =8.90×10-4 Pas); (b) 
kinetic measurement of the Abs as-sonicated dispersions with different concentrations between 80 and 380 
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mg/L for EtOH and H2O; (c) transmission measurement of the as-sonicated ZnO dispersion in EtOH with 
a concentration of 380 mg/L in ZnO. The scan rate is set at 300 nm/min; (d) kinetic measurement of Abs 
in purified dispersions; (e) optical microscope images taken from the purified dispersions; (f) calibration 
curve obtained from different purified dispersions. Concentration error is calculated as the standard 
deviation obtained from three samples of the same dispersion and plotted as horizontal error bars. Vertical 
error bars are calculated from 3 measurements for each sample. 
 
 
Figure 2. Step diagram of the preparation of the NW dispersions used in the DEP process. 
 
3.2. In-situ characterization of the NW dispersion 
 
To study the influence of the NW concentration inside the syringe cartridge during DEP, a 
basic optical system is developed to measure the scattered light. This system consists of a red 
laser diode and an off-axis phototransistor assembled around the cartridge to allow real-time 
measurements (see Figure 3(a)). Output analog signal is monitored by serial communication with 
a microcontroller board. 
The syringe cartridge is initially filled with 4.5 mL of EtOH. The peristaltic pump is turned 
on to introduce the solvent in the system. After 2 minutes, 2 mL of EtOH are added without 
producing any change in the output signal. Successive 1 mL volumes of a NW dispersion (450 
NWs/µL) are added every 4 minutes. Upon NW dispersion casting, there is a fast signal increase 
due to the larger amount of scattered light impinging onto the detector (Figure 3(b)). After 
reaching a peak value, the signal decreases as the NWs disperse homogeneously inside the solvent 
producing a plateau in the output signal after 100s. At the end of the experiment, the plateau level 
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increases as new drops are casted and the NW concentration becomes larger. After 4 NW drops, 
the estimated NW concentration in the dispersion is about 170 NWs/µL.  
 
 
 
Figure 3: (a) Scheme of the optical setup used for the characterization of ZnO NW dispersions 
in the DEP system; (b) Analog signal obtained during the drop by drop increase of the ZnO NW 
concentration in the syringe cartridge. 
 
To estimate NW losses in the whole system, the optical characteristics of the input and the 
output dispersions are compared in the absence of DEP bias. A 5 mL volume of a NW dispersion 
with a 450 NWs/µL concentration is loaded in the syringe cartridge and pumped into the system. 
Several aliquots of the fluid are extracted from different parts of the system and their absorbance 
measured in the spectrophotometer. Table 1 includes the concentration of NWs in those aliquots, 
exhibiting a reduction in the number of NWs as the dispersion flows through the system. The 200-
m pore size filter placed at the output of the syringe cartridge blocks 28% of the NWs. After the 
DEP cell, the concentration measured in a single run is about 219 NWs/µL, i.e. a 49% of the 
original concentration. A rinsing step using a 2 mL volume of pure EtOH allows extracting 16% 
of the NWs, trapped in the system during the first run. Successive rinsing steps release 3% and 
0%, respectively. The total amount of NWs that make all the way to the outlet is about 68% of 
the original concentration that, along with the 28% blocked in the filter, produced a total 
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percentage of 96%, near the total of the original concentration. The 4% uncertainty is believed to 
be caused by the error accumulation in the concentration estimations. 
 
Table 1: Summary of the absorbance measurements in the DEP system (first column) and 
estimation of the corresponding NW losses from calibration curve in Figure 1(d) (second column). 
First row includes the original absorbance prior to cartridge load. Second and third rows provide 
data obtained before and after the DEP cell, respectively. The last three rows show values taken 
after successive rinsing steps (R.S.). 
 Abs Conc. (NWs/µL) % 
Original 0.155 450  
Before DEP cell 0.114 330 72 
After DEP cell 0.078 220 49 
1st R. S. 0.027 70 16 
2nd R. S. 0.005 10 3 
3rd R. S. 0.002 - - 
 
3.3. Parallel resistance monitoring 
 
The devices are fabricated using glass substrates with evaporated AZO electrodes prepared 
by optical lithography and chemical etching, as described in the Experimental procedure. The 
electrodes present a transmittance value larger than 80% in the full visible range and give a 
transparent look to the receiver substrate.  
After mounting those substrates in the DEP cell and performing a typical alignment process 
at a frequency of 100 kHz and an effective voltage ( rmsV ) of 6 V, a microscopic analysis of the 
surface reveals the assembled ZnO NWs on the patterned sites near the center of the cell. The low 
specific area of the assembling sites, which typically ranges from 8 to 30 m2, preserves the high 
transparency to the naked eye of the final sensors, as shown in Figure 4(a). The number of trapped 
NWs depends on the DEP parameters and can be adjusted changing the bias voltage and/or the 
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frequency in a wide range from a dense coverage (Figure 4(b), left) to a sparse coverage with a 
few NWs (Figure 4(b), right). 
To investigate the use of the inter-electrode resistance as a monitoring tool, sinusoidal 
waveforms with rmsV  between 4 and 10 V, and frequencies of 10 and 100 kHz, are applied 
between electrodes to generate the DEP signal from the AC bias voltage supplied by an LCR 
meter. This instrument also allows measuring the impedance parameters of the device as the NW 
alignment takes place (Figure 4(c)). The electrical model used in the setup is shown in the inset 
of Figure 4(d). As the resistance of the electrodes is much lower than the resistance of the NWs, 
the variations of the parallel resistance are governed by the number of NWs trapped in the 
assembling sites. On the contrary, the parallel capacitance presents quite stable values during the 
experiments due to the high parasitic capacitance of the electrodes (10 pF) in comparison to the 
typical NW capacitance. The electrode capacitance is caused by their large area (2-3 cm2) and it 
is difficult to minimize in the present setup. 
The parallel resistance variations are studied during the DEP process at increasing bias 
voltages to find out the threshold voltage at which NW trapping occurs. Starting at 4 V, the rmsV
is increased 2 V every 30 s, while the relative changes of the parallel resistance are monitored. 
These relative changes are quantified by using: 
                   
  opopprp RRRR ,,, 100(%)                          (7) 
where opR , is the parallel resistance at the beginning of the scan and pR  is the parallel resistance 
measured in real time. The experiment is also performed in pure EtOH, allowing the extraction 
of another rpR , curve for comparison purposes. As can be seen in Figure 4(c), rpR , presents a 
sudden reduction every time rmsV is increased either under pure EtOH or NW dispersion flow. 
The reduction in parallel resistance is attributed to the finite exchange current density between 
electrodes and solvent ruled by the electrical double-layer impedance. The super-linear 
relationship between the current density and the applied bias causes a reduction of the parallel 
resistance as the bias amplitude increases. As a result of NW trapping, the interface becomes more 
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inhomogeneous, diminishing the charge exchange and making the changes in parallel resistance 
less pronounced over time. This effect produces an effective deviation of the curve taken in the 
DEP process from that found in pure EtOH. This deviation can be quantified from the difference 
between the relative changes taken as 
EtOH
rp
NW
rprp RRR ,,, (%)  . The analysis of the difference 
at 100 kHz shows that the onset of the deviation begins at 6 V, matching the minimum amplitude 
needed for NW trapping in the setup. On the other hand, the increasing difference between both 
curves with the bias voltage is the result of the assembly of a larger amount of NWs. Careful 
examination of the trapping sites after processes run at a constant AC bias confirms this point, 
corroborating the adequateness of the method to identify NW deposition in the DEP cell. Figure 
4(d) presents rpR ,  as a function of the bias voltage, along with the number of NWs trapped in 
the alignment sites and estimated from the microscopic analysis. 
Furthermore, the larger amplitude of the steps as the bias voltage increases indicates that the 
monitoring method is more sensitive to NW trapping at 100 kHz than at 10 kHz. The reason is 
that, at lower frequencies, the exchange current density is screened by the ion rearrangement in 
the electrical double layer causing smaller changes in the parallel resistance. In each half of the 
cycle of the applied potential the double layer has enough time to be built, giving rise to a potential 
drop. On the contrary, at higher frequencies, the double layer has less time to form since the 
mobility and diffusion of ions in the solution has a finite value. This reduction of the ion screening 
effect at higher frequencies produces a better scenario to measure the changes caused by the NW 
trapping [47].  
Despite the screening effect and the lower number of trapped NWs, the 10 kHz curves also 
present a lower parallel resistance reduction in the presence of NWs. Interestingly, an unexpected 
resistance drop is observed at a 10 V bias. To find out its origin, a pure EtOH droplet is drop-
casted on the assembly area of one of the substrates while DEP bias is applied to the pair of 
electrodes. At those conditions, real-time optical microscopy reveals continuous bubble formation 
that leads to irreversible damage of the electrodes. The phenomenon is related to solvent 
electrolysis and hydrogen gas formation, which produce erosion and atom migration [38-39]. The 
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strong current increase measured between both electrodes gives rise to a significant reduction of 
the parallel resistance. The identification of those anomalies during the DEP process is another 
practical advantage of the method. 
 
 
Figure 4: (a) Picture of one of the sensors including AZO electrodes and assembled NWs; (b) 
optical microscope images of the assembling sites after 1-minute DEP process with an estimated 
number of aligned NWs of 10-20 for the most covered alignment sites. Left-hand side picture 
shows one of the assembling sites fully covered with trapped NWs, whereas right-hand side 
picture exhibits a single NW trapping event on the assembly area; (c) relative changes of the 
parallel resistance  rpR ,  as the bias voltage is raised from 4 to 10 V at 10 (open symbols) and 
100 kHz (solid symbols). The bias scan is performed in pure EtOH (
EtOH
rpR , , black) and in NW 
dispersion (
NW
rpR , , red); (d) (%),rpR difference measured at 100 kHz. The number of NWs 
aligned at every rmsV , and estimated through independent DEP processes, is included at the right-
most y axis. The inset represents a diagram of the electrical model used to assist the understanding 
of the monitoring method. 
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3.4. Electrical characteristics and UV photoresponse 
 
The current-voltage (I-V) characteristics of the devices are studied in dark and under UV 
illumination by using a semiconductor parameter analyzer after a DEP alignment process at a 100 
kHz frequency and a 10 V bias voltage. The variation of the span of the DEP process under those 
conditions leads to a different number of NWs per pixel from a few NWs to tens of them. The 
dependence of the dark current as a function of the DEP time is included in Figure 5. A DEP time 
of 30 s allows us to integrate about 3-5 NWs per pixel yielding low dark currents with non-linear 
characteristics as a function of voltage. The 1 min span produces an average number of bridging 
NWs per pixel in the range of 10-20 and a dark current value of about 1 nA at low voltages. A 3 
min span produces high dark currents in the mA range with a linear I-V characteristic and a large 
average number of bridging NWs per pixel (>40). The inset of this Figure 5 provides SEM 
pictures of the NW alignment sites under those DEP times. 
For UV illumination, a deuterium lamp, coupled to an optical fiber and a lens, is used to 
produce a uniform power density over the active area of the device of about 1.4 W/cm2. Under 
a 100 kHz and rmsV  of 6 V (time span of 1-minute), the NWs densely cover the array of alignment 
sites as a result of the trapping process (estimated number of aligned NWs of 10-20 for the most 
covered alignment sites). The curves in Figure 6(a) show a large current increase during UV 
illumination under positive and negative biases. The dark current presents sub-linear dependence 
on the bias voltage, reaching values between 10 and 20 pA at 5 V. The small asymmetries found 
under positive and negative biases are attributed to different contact resistances between the NWs 
and the AZO electrodes. It is important to notice that the light curves are the result of the 
illumination of the NWs on the assembling sites and that selective illumination of the AZO 
electrodes does not produce any significant variation over the dark current.  
The electro-optical characteristics are analyzed following the experimental procedure. The 
voltage drop in the load resistance is monitored using serial port communication with one of the 
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10-bit analog to digital converters in an ATmega328 microprocessor (inset of Figure 6(b)). The 
measured signal is transformed into photocurrent (Iphoto) by subtracting the baseline to the output 
voltage and dividing by the load resistance. Light pulses from a broadband deuterium light source 
are applied on the alignment sites. As shown in Figure 6(b), the sensor exhibits a fast response to 
the UV lamp with two characteristic time constants. The fast one is related to photo-generated 
charges promptly swept across the space-charge-region at those NW regions in contact with the 
electrodes. The long component (time constant  10 s) appears as a result of the surface electron 
release and the consequent oxygen desorption. This mechanism is dominant in ZnO 
photoconductors but becomes less important as the electric field distribution intensifies in the NW 
contact regions. The decay time also shows a fast response after light shutdown with a small 
persistent effect during a few seconds (time constant  5 s) limited by the re-adsorption process 
of oxygen molecules. 
A scan of the optical beam along the sites shows fairly symmetrical response from side to 
side of the assembling area (Figure 6(c)). As the optical beam is much larger than the total area, 
the peak signal is related to the number of covered sites. When the optical beam is centered, the 
whole system is illuminated and the maximum photocurrent is obtained. The variability observed 
at the tails of the response curve is attributed to variations in the number of bridging NWs in the 
successive NW alignment sites. The inset of Figure 6(c) presents four consecutive sites covered 
by NWs at the center of the device. 
Responsivities (Rphoto) of the sensor are calculated as a function of wavelength and bias 
voltage[48]: 
)(
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

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VR
photo
photo                          (8) 
where P is the absorbed power in the active areas. This parameter is estimated from the total 
power Pt using the following expression: 
beam
sensor
t
A
A
PP )()(                                        (9) 
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where Asensor is the optical area of the sensors and Abeam is the area of the optical beam (radium 
=3.5 mm). This way to estimate the optical power is based on the high uniformity of the optical 
density across the entire beam and on the assumption that the thickness of the NW patches 
multiplied by the absorption coefficient is much larger than one. Indeed, studies of the uniformity 
of the beam carried out at the output of the optical fiber reveal power fluctuations lower than 5% 
across the beam area. To calculate Asensor, each assembling site is considered to be a rectangle of 
46 m2 dimensions. Thus, the total area is obtained from the product of the total number of 
covered sites (14 in the present study) and the estimated area per site with a result of about 336 
m2. 
Finally, Pt(λ) is the optical power measured with a semiconductor photodiode placed in the 
equivalent position of the sample. The top graph in Figure 6(d) shows the spectral response curves 
taken at different voltages between 3 and 11 V. Responsivities between 104 and 106 A/W are 
obtained above the cut-off wavelength. The higher response of the device as the bias increases is 
related to the higher collection efficiency caused by a broadening of the space charge regions of 
the contact areas. Additionally, the larger response of the device is also associated to a relative 
increase of the slower component in the time response, which suggests a larger contribution of 
the photoconductive gain mechanism linked to the adsorption/desorption processes of oxygen 
molecules.  
Taking advantage of the glassy substrate and the transparent characteristics of the electrodes, 
the sensor can work under front- and back-illumination. Both device responses are compared 
using the same power density and bias voltage. Spectral responsivities are shown in the bottom 
graph of Figure 6(d), revealing negligible differences under both configurations. This indicates 
that there are not significant losses in the substrate and the AZO electrodes in the measured 
wavelength range thanks to the use of AZO electrodes, which present a shorter absorption edge 
(310 nm) in comparison to ZnO. It is important to notice that bulk ZnO or GaN UV sensors rarely 
show this dual operation mode due to the difficulty to reach an effective collection of 
photogenerated charges from absorption regions near the foreign substrate. As those regions are 
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usually quite defective, the efficiency of the back-illuminated devices tends to be significantly 
lower than that reached in front-illuminated operation mode. 
 
 
Figure 5: I-V characteristics exhibited by the samples in dark with NWs aligned under three 
different DEP times. Insets of this figure represents SEM images of the assembly sites. The 
magnification of the three images is the same. 
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Figure 6: (a) Typical I-V characteristic exhibited by the sensors in dark and under UV 
illumination. (b) Photocurrents as a function of time obtained after applying light pulses with a 
deuterium lamp. The inset represents a scheme of the setup used to measure the photocurrent 
signal. (c) Photocurrent measured at different positions along the assembly line at a bias voltage 
of 5 V. (d) Top: estimated responsivities of the sensor at different DC voltages between 3 and 11 
V. Bottom: spectral response at a 5 V bias under front- and back-illumination. The device 
characterized in this figure is obtained under rmsV  of 6 V and 100 kHz (time span of 1-minute) 
with an estimated number of aligned NWs of 10-20 for the most covered alignment sites 
 
4. Conclusions 
ZnO NW photodetector arrays have been fabricated following a transfer process from the 
growth substrate to the final receptor chip using DEP. A simple sedimentation step has been 
proved as an effective method to remove impurities and large NW clusters that may short-circuit 
electrodes during DEP. 
A DEP home-made system has been developed for the alignment of NWs on pre-patterned 
substrates. The usefulness of this system resides in the improvement of the surface quality in 
comparison to drop-casting methods. In addition, monitoring studies based on the parallel 
resistance variations between electrodes have been carried out to follow up the DEP alignment in 
real time. These studies have demonstrated to be helpful to estimate the number of assembled 
NWs and detect anomalies during the process, providing feedback for parameter optimization. 
The system has been successfully used to fabricate NW-based light sensors on glassy 
substrates pre-coated with AZO electrodes. Taking advantage of the high visible/UV transparency 
of those electrodes and the high surface quality obtained after the DEP process, the devices are 
fully transparent and allow front- and back-illumination operation modes. The latter is a major 
advantage that opens the possibility of integrating the device in read-out circuits through flip-chip 
bonding. The same methods described here can be used in other NW technologies beyond ZnO, 
enabling the fast integration of those structures in electronic devices. 
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